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A l a r g e  amount of research  and development is being conducte h by government 
and indus t ry  t o  develop processes  f o r  removal of SO, from power p l a n t  s t a c k  gases .  
These e f f o r t s  have been s t imula ted  by t h e  a c t i v i t y  of t h e  Federal  Government i n  
suggest ing t o  loca l ,  s t a t e  and i n t e r s t a t e  a i r  p o l l u t i o n  c o n t r o l  agencies  t h a t  s t r i n g e n t  
s tandards  be set up on t h e  maximum permiss ib le  ground l e v e l  concent ra t ion  of SO,. The 
suggested c r i t e r i o n '  c a l l s ,  for example, for  a maximum ground l e v e l  concent ra t ion  over 
a 24-hour per iod  of 0.1 ppm of SO,. I t  is d i f f i c u l t  t o  relate t h i s  c r i t e r i o n  to  a 
maximum permiss ib le  l e v e l  of SO, in a t y p i c a l  power p l a n t  stack s i n c e  t h i s  depends on 
many f a c t o r s  such as  s t a c k  he ight ,  presence of o t h e r  po l lu$ion  sources ,  metereological  
condi t ions ,  e t c .  However, in many ins tances  t h i s  would r e q u i r e  reduct ion  Of the SO, 
content  in t h e  s tack  t o  a l e v e l  corresponding t o  t h e  combustion of a f u e l  Containing 
much less than  I$ s u l f u r .  

a 

There is no doubt t h a t  wherever such s t r i n g e n t  a i r  q u a l i t y  s tandards  may become 
l e g a l l y  required,  power p l a n t  opera tors  w i l l  be forced e i t h e r  t o  i n s t a l l  SO2-removal 
equipment or. t o  switch t o  low-sulfur f u e l s  ( i f  such should be a v a i l a b l e ) .  

The s i t u a t i o n  is of p a r t i c u l a r  concern t o  t h e  c o a l  industry,  s i n c e  over 5 6  of its 
product ion is used f o r  power genera t ion  and only a small  f r a c t i o n  of t h e  coal produced 
in t h e  Eastern United S t a t e s  is low enough in s u l f u r  t o  meet t h e  s t r i n g e n t  s tandards 
mentioned above. 

The most f e a s i b l e  s o l u t i o n  to  the  problem f o r  a coa l  burning u t i l i t y  a t  the  
p r e s e n t  t i m e  is t h e  i n s t a l l a t i o n  of SO,-scrubbing f a c i l i t i e s  s i n c e  removal of s u l f u r  
from t h e  coa l  t o  the  l e v e l  requi red  is a much m o r e  d i f f i c u l t  t a s k .  

The f i r s t  s y s t e m  f o r  f l u e  gas  cleanup to  undergo t r i a l  opera t ion  on a f u l l  
commercial-scale is t he  combined l imestone i n j e c t i o n  and w e t  scrubbing process  of fe red  
by Combustion Engineering.' 
and incurs  a cos t  d e b i t  for limestone purchase and spent  calcium s u l f a t e  s l u r r y  
d isposa l .  

The above system does not  produce any va luable  by-products 

A number of developments is in progress  aimed a t  reducing the  ne t  cost of So, 
scrubbing by s a l e  of by-products, usua l ly  e i t h e r  s u l f u r i c  a c i d  or s u l f u r .  
cesses  are a l s o  aimed a t  t h e  product ion of e i t h e r  (NH4),S04 or l i q u i d  SO, as by- 
products ,  but  t h e s e  are not of genera l  i n t e r e s t  because of restricted markets. 

Some pro- 

The product ion of s u l f u r i c  ac id  has a somewhat broader marke t  p o t e n t i a l .  
processes  a r e  being of fered  f o r  commercial use, i .e . ,  Monsanto's3 Cat-Ox process  and 
Lurgi ' s  S u l f a c i d  process.' 
p o i n t s ,  however, a l s o  restricts the number of p l a n t s  t o  which t h i s  approach is 
appl icable .  

Two 

The high c o s t  of shipping s u l f u r i c  a c i d  t o  consuming 

The product ion of e lemental  s u l f u r  on t h e  other hand, considerably broadens the  
market p o t e n t i a l  due t o  its low cost of sh ipping  r e l a t i v e  to  s u l f u r i c  acid. 
s i d e r a b l e  research  and development is underway, t h e r e f o r e ,  d i r e c t e d  a t  SO, scrubbing 
processes  which y i e l d  elemental  s u l f u r  a s  a by-product. 
a s  y e t  a v a i l a b l e  f o r  commercial use .  

Con- 

None of these ,  however, is 
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Most of these  processes  are based on t h e  u s e  of a n  "a lka l ine  type'' absorbent 
e i t h e r  i n  form of an aqueousS or molten carbonate6 or an a l k a l i z e d  s o l i d  support such 
as a l k a l i z e d  alumina .' The absorp t ion  process  i s  assoc ia ted  'with unavoidable oxida- 
t ion ,  i f  i t  is conducted a t  h igh  temperatures, such t h a t  l a r g e  amounts of a l k a l i  
s u l f a t e  a r e  genera l ly  formed. The regenera t ion  s y s t e m ,  i n  genera l ,  involves reduct ion 
of the  a l k a l i  s u l f a t e  with CO and H ,  mixtures, and recovery o f  t h e  s u l f u r  as H,S which 
is subsequently converted t o  s u l f u r  i n  a convent ional  Claus p l a n t .  

This  type of process  r e q u i r e s  more than  3 and a s  many a s  4 mols of CO p lus  H, 
reductant  p e r  mol of s u l f u r  recovered, a s  t y p i f i e d  by t h e  equat ion below descr ibing t h e  
o v e r a l l  process ,  

/ 

I 
SO, + 1/2 0, + 4 H, = 3 H,O + H,S. 

The most convenient way of genera t ing  t h e  CO p l u s  H2 reductan t  is  by way of steam- 
methane reforming. The thermal  e f f i c i e n c y  of such p l a n t s  may be taken as  equal  t o  
about 70$, based on n a t u r a l  g a s  feed .  
t h e  n a t u r a l  gas  requirement, 
of e lemental  s u l f u r  recovered,  amounts t o  48 MM Btu/long t o n  of s u l f u r .  Present  
p r i c e s  f o r  n a t u r a l  gas  a t  m o s t  loca t ions  i n  nor th  e a s t e r n  United S t a t e s ,  i .e.,  i n  t h e  
range of  35-45#/MM Btu, a r e  such t h a t  t h e  reductant  cost ($17-21/long ton  of s u l f u r  f o r  
a 4/1 mol r a t i o )  p laces  a very high economic burden on such a process  even without 
consider ing t h e  c a p i t a l  and o t h e r  s i g n i f i c a n t  opera t ing  c o s t s  of t h e  gas genera t ion  
and reagent  regenera t ion  processes .  

I t  is r e a d i l y  computed on t h e  above bas is  t h a t  
where 4 mols of CO + H, reductant  are required per mol 

I 
I t  is c l e a r ,  t h e r e f o r e ,  t h a t  a very l a r g e  incent ive  e x i s t s  t o  reduce t h e  reduc- 

t a n t  cost t o  t h e  t h e o r e t i c a l  minimum of 2 mols/mol of s u l f u r  recovered a s  t y p i f i e d  by 
the  o v e r a l l  reac t ion ,  

2 H, + SO, = S + 2 H,O 

or roughly h a l f ,  a s  compared with t h e  schemes discussed above. 

One method t h a t  has been proposed which accomplishes t h i s  ob jec t ive  is t o  i n j e c t  
H,S i n t o  t h e  f l u e  gas and reduce t h e  SO, i n  s i t u , t o  produce s u l f u r  by a Claus type 
process ,  i.e., 

2 H2S + SO2 = 3 S + 2 H2O. 

Two t h i r d s  of t h e  recovered s u l f u r  a re reduced  t o  H,S  and r e i n j e c t e d  i n t o  the  f l u e  gas .  
This  process ,  i n  p r i n c i p l e ,  then produces s u l f u r  with a consumption of only 2 mols of 
reductant/mol of s u l f u r  produced. 

The convent ional  Claus process  is usua l ly  operated with concentrated gases  
using an alumina c a t a l y s t  a t  s u f f i c i e n t l y  high temperatures ,usual ly  400-450°F, such 
t h a t  t h e  s u l f u r  vapor produced does not condense on t h e  c a t a l y s t .  

Thermodynamic l i m i t a t i o n s  i n  t h e  c a s e  of f l u e  gas, however, preclude such a 
type of operat ion.  This  i s  i l l u s t r a t e d  by t h e  equi l ibr ium c a l c u l a t i o n s  for a t y p i c a l  
f l u e  gas  to which 2 mols H,S/mol S0,havebeen added as i l l u s t r a t e d  i n  Figure 1. These 
c a l c u l a t i o n s  were made u t i l i z i n g  t h e  most modern a v a i l a b l e  thermodynamic data.' Data 
a r e  a l s o  shown, for an a r t i f i c i a l  case,  where water  i s  removed from t h e  f l u e  gas to 
i l l u s t r a t e  t h e  adverse e f f e c t  of water vapor on t h e  equi l ibr ium.  

I t  i s  seen  from F i g u r e  1 t h a t  e f f i c i e n t  removal of SO, from f l u e  gas by the 
modified Claus technique r e q u i r e s  opera t ion  a t  temperatures w e l l  below those u t i l i z e d  
i n  t h e  s tandard  Claus p r o c e s s .  
F igure  1, by t h e  adverse  e f f e c t  of water vapor on t h e  equi l ibr ium.  I t  should be 
remembered a l s o ,  t h a t  because of t h e  more n o t i c e a b l e  odor of H,S, t h e  permissible  level  

T h i s  i s  n e c e s s i t a t e d  t o  a l a r g e  degree, a s  shown i n  
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of s u l f u r  compounds i n  t h e  s t a c k  should probably be he ld  t o  a l e v e l  well under t h a t  
f o r  SO, a lone.  Thus, opera t ion  a t  very l o w  temperature, i.e., below about 240°F i s  
indicated.  Under these  condi t ions,  more than 98.5s of t h e  s u l f u r  produced w i l l  con- 
dense on t h e  c a t a l y s t .  I t  is c l e a r ,  therefore ,  t h a t  e i t h e r  a c y c l i c  or moving-burden 
process  is required t o  p e r i o d i c a l l y  remove t h e  deposi ted s u l f u r  from t h e  c a t a l y s t .  

The f i r s t  attempt. t o  apply such a process  t o  gas p u r i f i c a t i o n  was made t o  coke 
oven gas by Audas.s I n  t h i s  case, t h e  process  was appl ied i n  reverse ,  i .e. ,  SO, was 
added t o  the  H,S-containing gas ,  and t h e  modified low temperature  Claus process  was 
conducted with condensation of t h e  s u l f u r  on t h e  alumina c a t a l y s t  and i t s  subsequent 
regenera t ion .  

Applicat ion of t h e  concept t o  f l u e  gas t r e a t i n g  was proposed by K e r r "  i n  a 
pa ten t  assigned t o  P e t e r  Spence, L t d .  I n  both t h e  Audas and Kerr processes ,  t h e  
su l fur - fouled  c a t a l y s t  is  cycled through a thermal regenera t ion  s t e p  where the  s u l f u r  
is removed by d i s t i l l a t i o n  a t  about 900-950'F. 

More recent ly ,  Pr ince ton  Research has  undertaken work t o  develop t h i s  type of 
process" under t h e  auspices  of t h e  Nat ional  A i r  P o l l u t i o n  Cont ro l  Adminis t ra t ion.  
L i t t l e  information is  a v a i l a b l e ,  however, about t h e  r e s u l t s  of t h e i r  work a t  t h i s  
time . 

The Consol idat ion Coal Company undertook eva lua t ion  of t h e  "modified Claus 
Process" i n  i t s  l a b o r a t o r i e s  s i n c e  i t  appears t o  be p o t e n t i a l l y  one of t h e  most 
a t t r a c t i v e  processes  f o r  t r e a t i n g  f l u e  gas .  The work soon showed t h a t  t h e  alumina 
c a t a l y s t  was' rap id ly  poisoned on cyc l ing  through t h e  process, l a r g e l y  due t o  formation 
of aluminum s u l f a t e .  

\ 

A two-step regenerat ion process  now under development is  descr ibed here in  which 
removes t h i s  poison and recovers  93$ of t h e  s u l f u r  a s  elementary s u l f u r  and 7% a s  
ammonium s u l f a t e .  The t a i l  gas  from t h e  process  conta ins  less t h a n  50 ppm of H,S 
and SO,. 

EXPERIMENTAL 

The apparatus  used is shown i n  F igure  2 .  A f i x e d  bed of c a t a l y s t  i s  supported 
on quar tz  chips  i n  a heated tube through which t h e  s imulated s t a c k  gas  f lows.  The ' 

gases  a r e  preheated by passage through Pyrex wool and quar tz  c h i p s .  A c e n t r a l  thermo- 
couple w e l l  wi th  a d j u s t a b l e  couple p o s i t i o n  is used t o  measure t h e  bed temperature. 
The c o n t r o l l e d  temperature is taken a s  t h e  h o t e s t  s p o t  i n  t h e  bed. Water is  added . 
t o  t h e  incoming gases  by bubbling one of t h e  gas streams through a water  bath he ld  a t  
the  proper temperature. Under t h e  condi t ions  used here, e lemental  s u l f u r  remains on 
t h e  c a t a l y s t  and t h e  t a i l  gases  pass out through a soda l i m e  t r a p  before  being 
metered. 
scrubber  t o  analyze for H,S and SO,. C a t a l y s t  bed depths of one and t h r e e  inches 
were used, and a r e a c t o r  pressure  of 810 mm Hg absolu te .  

A t  r e g u l a r  i n t e r v a l s ,  p a r t  of t h e  t a i l  gas  i s  d i v e r t e d  through an iodine 

Thermal regenera t ion  of t h e  c a t a l y s t  is  c a r r i e d  out by pass ing  n i t rogen  a t  1 t o  

The e x i t  gases  pass  through a s u l f u r  t r a p  (dot ted  l i n e  on Figure 1) and 
4 SCFH over t h e  c a t a l y s t  a s  i t  is heated above t h e  b o i l i n g  p o i n t  of s u l f u r  t o  d i s t i l l  
o f f  s u l f u r .  
then through the  iodine scrubber  t o  analyze f o r  H,S and SO, l i b e r a t e d  during s t r i p p i n g .  
The a n a l y s i s  f o r  H,S and SO, i s . b a s e d  on t h e i r  r e a c t i o n s  with iod ine  a s  was previously 
descr ibed by Doumani.' 

Three d i f f e r e n t  aluminas were used a s  c a t a l y s t s  i n  these  tests. C a t a l y s t  A is  a 
commercial dessicant  alumina which conta ins  1 .64 a l k a l i  and 2 . d  s i l i c a .  
a r e  purer ,  more expensive aluminas with p r o p e r t i e s  given i n  Table  I .  

The o thers  
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DISCUSSION (X RESULTS 

Table  I1 
s to ichometr ic  
r e a c t i o n  goes 

shows the r e s u l t s  of s h o r t  term tests a t  300'F (149OC) f e e d i k  t h e  
r a t i o :  
near ly  t o  c a n p l e t i o n  and reaches t h e  thermodynamic equi l ibr ium pre- 

H,S/SOa = 2. With n e i t h e r  oxygen or water vapor present ,  t h e  

d i c t e d  by Figure  1. With added oxygen, r e s u l t s  are near ly  equiva len t .  The presence 
of both steam and oxygen g i v e s  much poorer  r e s u l t s  ( l a s t  l i n e ,  Table  11). 
dynamic equi l ibr ium va lues  of F i g u r e  1 were not  approached i n d i c a t i n g  t h a t  t h e  presence 
of steam has a n  adverse e f f e c t  on both t h e  k i n e t i c s  and equi l ibr ium i n  t h e  Claus 
reac t ion .  Resul t s  of similar experiments t o  test t h e  e f f e c t  of oxygen and steam a t  
h igher  temperatures, i.e., 360OF, can  be seen  in Figure  3. 
t h e  r e s u l t s  in t h e  absence of oxygen, showing t h a t  a t  t h i s  temperature, the  react ion,  
a f t e r  an i n i t i a l  induct ion  p e r i o d ,  g i v e s  a t a i l  gas  having an even lower content  of 
H,S t SO, (900 ppm) than  t h e  p r e d i c t e d  thermodynamic equi l ibr ium value of 1100 ppm i n  
Figure  1. The l o w  i n i t i a l  SO? content  of t h e  t a i l  gas  is probably due t o  absorpt ion 
of SO, on t he  c a t a l y s t .  When f r e e  oxygen is present  (as it always is i n  power p l a n t  
s t a c k s ) ,  t h e  r e s u l t s  shown in the l e f t  hand h a l f  of F igure  3 are obtained.  Although 
t h e  SO, concent ra t ion  was e r r a t i c ,  t h e  r a p i d l y  increas ing  l e v e l  of H,S shows how t h e  
c a t a l y s t  became quickly poisoned.  Following t h i s  test, an apprec iab le  amount of 
s u l f a t e  was found on the c a t a l y s t .  I t  is thus  clear t h a t  undes i rab le  oxidat ion of SO, ' 

i s  tak ing  p l a c e .  

The thermo- 

The r i g h t  hand f i g u r e  g ives  

r ,  

The next  t e s t s  w e r e  made a t  t h e  lower temperatures of 212'F (l0O'C) i n  an attempt 
t o  minimize s u l f a t e  formation and t o  improve t h e  completeness of t h e  r e a c t i o n .  The 
f i r s t  c y c l e  of t h i s  test (F igure  4)  showed s u r p r i s i n g l y  t h a t  t h e  r e a c t i o n  was very 
f a s t  a t  t h i s  l o w  temperature and t h a t  near ly  s u l f u r - f r e e  t a i l  gas  could be obtained 
a t  t h i s  temperature .as  p r e d i c t e d  by t h e  equi l ibr ium curve of F igure  1. Some HaS 
breakthrough occurred i n  t h e  e a r l y  p a r t  of t h e  run and both gases  broke through due 
t o  f i l l i n g  of pores with product  s u l f u r  a f t e r  about 60 grams of s u l f u r  had been fed  
p e r  100 grams of c a t a l y s t .  During t h e  e a r l y  per iod  when cons iderable  H,S breakthrough 
wasobserved, it is noted aga in  t h a t  no SO, broke through. This again  is l i k e l y  due t o  
adsorp t ion  of SO, by t h e  alumina c a t a l y s t . I 3  
SO, is taken  advantage of i n  t h e  Audas' p rocess  prev ious ly  c i t e d .  A f t e r  t h i s  "break- 
o u t , "  t h e  r u n  w a s  stopped and the c a t a l y s t  hea ted  t o  950'F i n  a stream of n i t rogen  t o  
remove s u l f u r .  
p rocess  repeated through f o u r  c y c l e s .  
F igure  4) show t h a t  t h e  c a p a c i t y  t o  completely remove SO, had been reduced from 60 t o  
less t h a n  10 grams of  s u l f u r  f e d  p e r  100 grams of c a t a l y s t .  T h i s  l o s s  of capac i ty  
was found aga in  t o  be  due t o  format ion  of s u l f a t e  poisons even a t  t h e  l o w  temperature 
of 212'F. 
found t h a t  some s u l f a t e  is formed a t  212OF even when oxygen is excluded from t h e  f l u e  
gas .  This problem is being i n v e s t i g a t e d  f u r t h e r  a t  t h i s  t i m e .  

The adsorp t ive  capac i ty  of  alumina f o r  

The s imulated s t a c k  g a s  was then  f e d  over t h e  c a t a l y s t  aga in  and the  
Resul t s  from t h e  last c y c l e  ( r i g h t  half  of I 

. 

The o r i g i n  of t h e  s u l f a t e  is not wholly clear a t  t h e  p r e s e n t  t i m e  a s  it was 

Severa l  a t tempts  were made t o  remove s u l f u r  from t h e  c a t a l y s t  by means of organic 
so lvents ,  such as to luene  and carbon d i s u l f i d e ,  i n  order  t o  avoid the thermal s t r i p p i n g .  
Other aqueous so lvents ,  such  as ammonium hydrosul f ide  s o l u t i o n s ,  with t h e  p o t e n t i a l  of 
removing both s u l f a t e s  and s u l f u r ,  a lso wero t e s t e d .  With a l l  of these  s o l v e n t s  the 
c a t a l y s t  p a r t i c l e s  were d i s i n t e g r a t e d  or weakened so that mechanical handl ing would be 
impossible .  

The f i n a l  regenera t ion  p r o c e s s  which w a s  successfu l  i n  maintaining a c t i v i t y  
c o n s i s t s  of t w o  stages: 
2) t r e a t  t h e  s t r i p p e d  c a t a l y s t  wi th  'aqueous ammonium hydroxide t o  remove s u l f a t e s  and 
regenera te  an active alumina s u r f a c e .  

1 )  h e a t  t h e  sulfur- laden c a t a l y s t  t o  s t r i p  of f  s u l f u r ,  and 

The second s t a g e  was accomplished by dropping t h e  cooled c a t a l y s t  ( a f t e r  s t r i p p i n g )  
i n t o  about 50 times i ts  weight of  2$ NH,OH a t  75°F. 
c a t a l y s t  was removed and r i n s e d  f o u r  times wi th  d i s t i l l e d  water .  Af te r  a i r  drying, the  

c a t a l y s t  w a s  recharged t o  t h e  r e a c t o r  and heated t o  4W°F in ni t rogen  t o  remove ammonia. 

A f t e r  soaking 15 minutes, the  
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Figure  5 shows t h e  r e s u l t s  of the f i r s t  and f i f t h  cyc les  u s i n g ' t h e  new t w o -  
s t a g e  c a t a l y s t  regenerat ion.  
SO, breakthrough suggests  t h a t  t h e  feed r a t i o  probably.was not e x a c t l y  a t  t h e  
s to ich iometr ic  r a t i o )  i t  is c l e a r  t h a t  a f t e r  f i v e  cyc les  t h e r e - h a d  been no de ter iora-  
t i o n .  In addi t ion ,  t h e  i n i t i a l  break-in per iod  with high H,S values  had been 
el iminated,  so t h a t  r i g h t  from t h e  s t a r t  t h e r e  was no d e t e c t a b l e  H,S or SO, u n t i l  
breakthrough a t  24 grams of s u l f u r  fed p e r  100 grams of c a t a l y s t .  The uneven 
r e s u l t s  t h e r e a f t e r  represent  a t tempts  t o  explore  t h e  e f f e c t s  of changing t h e  H,S/ 
SO, feed r a t i o  s l i g h t l y  on both s i d e s  of 2.0. 

Although r e s u l t s  of t h e  f i r s t  c y c l e  are e r r a t i c  ( t h e  

No change i n  c a t a l y s t  s i z e  or weight was d e t e c t a b l e  a f t e r  f i v e  cycles.  Af te r  
s t r i p p i n g ' o f f  s u l f u r ,  t h e  cooled c a t a l y s t  was t e s t e d  f o r  hardness i n  t h e  Hardgrove 
G r i n d a b i l i t y  Machine (A.S.T.M. Method D-409). 
s t ronger  than f r e s h  c a t a l y s t .  

The used c a t a l y s t  was s l i g h t l y  

F igure  6 shows how t h e  two-stage regenera t ion  has e l iminated t h e  poisoning 
problem. The upper graph shows how the  c a t a l y s t  capaci ty  dropped rap id ly  when o n l y  
thermal removal of s u l f u r  was used. The lower graph shows, that  capac i ty  gradual ly  
increased through f i v e  cyc les  with the  two-stage regenera t ion .  This  may be a t t r i -  
butab le  t o  p r e c i p i t a t i o n  of f r e s h  alumina i n  t h e  ammonia wash. The o v e r a l l  lower 
capaci ty  shown by t h e  lower graph is  a func t ion  of t h e  c a t a l y s t  u s e d .  
H ,  has  a pore volume of 0.77 versus  0.55 cc/g f o r  c a t a l y s t  A .  
t h a t  t h e  percentage of s u l f u r  i n  the  products  which was recovered as elemental 
s u l f u r  a l s o  gradual ly  increased from c y c l e  t o  cycle:  from 92.2 i n  Cycle 1 t o  95.0 
i n  C y c l e  5. . 

The c a t a l y s t ,  
It  i s  a l s o  noteworthy 

Based on resul ts  of Cycle 5, t h e  s teady-s ta te  s u l f u r  balance f o r  t h e  process  
would be a s  follows: 

I n  (As Gases) 

SO, i n  Stack Gas 
SO, Recycled from St r ipp ing  
H,S Recycled from St r ipp ing  
H,S Made from S Produced 

Elemental Sul fur  
S u l f a t e  
H,S 
so, 

N e t  Products  

Elemental S u l f u r  
S u l f a t e  

Percent  of Sul fur  
Fed t o  Reactors 

31.8 
1.5 
1.5 
- 65.2 

100.0 

95 .o 
2 .o 
1.5 

-LEL 
100 .o 

29.8 
2 .o 

31.8 
- 

Percent  of Sul fur  
.Fed i n  Stack Gas 

93.7 
6.3 

100 .o 
I t  should be noted t h a t  t h e  process a l s o  would handle t h e  s m a l l  amount of SO, 

p resent  i n  s t a c k  gases ,  g iv ing  a s l i g h t l y  h igher  y i e l d  of s u l f a t e .  

The authors  would l i k e  to  express t h e i r  apprec ia t ion  t o  Consol idat ion.Coa1 
Company f o r  permission t o  publ i sh  t h i s  work. 
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TABLE I 

C a t a l y s t  Analyses 

C a t a l y s t  A 
ComDosition. 

Na 11,900(') 
s i  9 , 3 4 1 )  
Fe 840 
C a  
A 1  Balance 

-- 

Surface Area m2/g 
Pore Volume, cc/g 
Bulk Density, Lb/CF 

390 
0.55 

54 

C 

5 
< 100 

40 
37 

Balance 

'200 
0.42 

H 

180 . 

280 ' 
. 560 

9,100 
Ba 1 ance 

218 
0.77 

32 

( 1 )  This  corresponds t o  24 SiO, and l.6$ Na,O. 

TABLE I1 

The E f f e c t  of Water and Oxvaen on React ion Eff ic iency  

Temperature XO°F 

Feed Gas Comas i t i o n .  V O ~  $ T a i l  Gas ComDosition. vvm 

Condit ions:  Cata lys t  C VHSV = 4200 
Red Height = 1 Inch 

soz !!a? 5 w. 2% 3 2  
0.163 0.325 0 .  0 < 50 < 50 
0.159 0.317 1.23 0 < 50 50 
0.307 0.614 2.40 6 .O 700 1400 
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Figure I 

EQUILIBRIUM COPICEI'JTRATION IN TAIL GAS 
AND PERCENT OF SULFUR FORMED WHICH 
CONDENSES vs OPERATING TEMPERATURE 

NORMAL+ 
VOL.% WET FEED DRY FEED -b 

H2S 
SO2 
H 2 0  

OTHER 

0.6 
0.3 
6.0 

93.1 

0'.6 
0.3 
0 .o 

99. I 

5Y 
+ 

800- 

Too- 

600 - 
500- 

400- 

300- 

200 220 240 260 280 300 3 x )  340 360 
TEMPERATURE , OF 

I 
700 

B 
60 a w 
I 

50a e 

Lr. 
200 



@- 

a 
W 
W a 
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Fioure 3 

THE EFFECTS OF OXYGEN AT 360°F 
CONDITIONS: CATALYST H 

TEMP 
VHSV 

360°F 
1500 

35a 

300( 

250( 

200( 

I50( 

loo( 

50C 

0 

FEED GAS: I" 
SO2 0.26 Wt.%l 
Y2S 0.52 / 
i 2 0  6.00 
N2 BAL. ./' 

I 
I 
I 

a 

1 

IO 2 
GRAMS S FED PER 
100 GRAMS OF CATALYST 

35mt FEED SO2 GAS: 0.33 Val.% 
HzS 0.66 

He0 6.00 
N2 BALANCE 

1 0 2  0 .001 

3000 

1500 - 

.E OO IO 20 

GRAMS SULFUR FED PER 
100 GRAMS OF CATALYST 
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600 

400- 

Figure 4 

CYCLE 4 

-7 
I 

I 
7"s 

DECREASE IN CATALYST ACTIVITY USING 
SI NGLE-STAGE THERMAL REGENERATION 

CON DIT ION S 

CATA LY ST H 
REACTION TEMP 212OF 
VHSV 1425 

REGENERATION IN N2 950°F 

CYCLE 1 

0 20 40 60 80 

FEED GASES: 

SO2 0.24 VOI. Yo 

0 20 40 

GRAMS OF SULFUR FED PER 100 GRAMS CATALYST 
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figure 5 
! 

CATALYST ACTIVITY USING THE 
\ CO NSOL TWO - STAG E R EG E N ERATI ON 

CYCLE 1 
CATALYST A FEED GAS 

400 .  

[ REACTION TEMP. 212°F so2 0.29 
VHSV 1500 H2S 0.58 
REGENERATION: 02 2.47 

A. 950°F IN N2 Hfl 6.00 
8. NH40H WASH AT75"F Ne BAL. 

I 

\ 

? 

I 

r a a 200 h - A 
A 
A 

v) a. 
0 BREAKTHROUGH 

W 

W 

n 

G 
E 

0 IO 20 30 i 
2 - 
2 CYCLE 5 E 300 

w E 
0 

200 
8 

IO0 

0 
0 IO 20 30 

GRAMS OF SULFUR FED PER 100 GRAMS CATALYST 
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Figure 6 

AMOUNT OF STACK GAS FED PRIOR 
TO SULFUR DIOXIDE BREAKTHROUGH 

SINGLE - STAGE REGENERATION 

CATALYST H 

I 2 3 4 

TWO - STAGE REGENERATION 
CATALYST A 

20 

10 

0 
I 2 3 4 5 

CYCLE NUMBER 


